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 Red algae and green plants are known to have obtained their photosynthetic 
organelles, or plastids, through the endosymbiotic adoption of cyanobacteria. It is still 
widely debated as to how other eukaryotic alga such as haptophytes, cryptophytes, and 
photosynthetic heterokonts obtained their plastids, although all are believed to be 
descended from a red alga. In this thesis, genome-level regressions, analyses of residuals, 
and Fisher’s exact tests were used to determine how these three eukaryotic algal groups 
obtained their plastids. A phylogeny also was constructed using 11 plastid genes from 
various red algae, green plants, haptophytes, cryptophytes, and photosynthetic 
heterokonts. The results from these collective analyses indicate that multiple 
endosymbiosis events occurred. Furthermore, they show that a plastid was passed from a 
red alga, first to cryptophytes, then to photosynthetic heterokonts, and finally to 
haptophytes in a series of endosymbioses.  
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CHAPTER 1: INTRODUCTION 
Plastid evolution is currently a very active area of inquiry among phylogenomics 
researchers. While it is fairly well accepted that green plants and red algae obtained their 
plastids by the endosymbiotic adoption of cyanobacteria (Bhattacharya & Medlin 1995, 
Delwiche 1999, Moreira et al. 2000, McFadden 2001, Palmer 2003, Bhattacharya et al. 
2004, Matsuzaki 2004, Rodriguez-Ezpeleta et al. 2005, Weber et al. 2006, Reyes-Prieto 
& Bhattacharya 2007, Reyes-Prieto et al. 2007), it remains unclear how a number of 
groups of eukaryotic algae became photosynthetic. There are several reasons for this. 
First, green plants and algae are much easier to analyze because the genomes of many 
species have been fully sequenced. Another reason for this is that these groups are more 
readily found in the fossil record, while single-celled photosynthetic eukaryotes are not 
preserved as well over long periods of time (Girard & Adl 2011). Because the fossil 
record is so incomplete for these species it is very difficult to determine when many 
groups were still heterotrophic and able to engulf other organisms as potential 
endosymbionts. The eukaryotic groups investigated in this project include photosynthetic 
cryptophytes, haptophytes, and heterokonts. Table 1 provides a basic description of the 
groups of species included in this investigation. These groups all are related to non-
photosynthetic taxa, and evidence suggests that their plastids are of red algal origin. This 
implies that these groups obtained their plastids independently via secondary, tertiary, or 
quaternary endosymbiosis (Bodył et al. 2009, Sanchez-Puerta & Delwiche 2008). 
Levels of plastid endosymbiosis 
Primary endosymbiosis is defined as when an organism engulfs a photosynthetic 
bacterium, and the bacterial cell is converted into a photosynthetic organelle called a 
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plastid (Margulis 1970, McFadden 2001, Kutschera & Niklas 2005). Therefore, green 
and red algae are believed to be products of primary endosymbiosis.  A secondary 
endosymbiosis occurs when a eukaryote engulfs another eukaryotic alga that obtained its 
plastid via primary endosymbiosis, and the newly obtained plastid continues to function 
properly in the new organism (McFadden 2001). A tertiary event refers to when the 
benefactor of a secondary endosymbiosis is engulfed by still another heterotrophic 
eukaryote, and the secondary plastid is adopted by this third lineage. Figure 1 depicts the 
complexity of a secondary endosymbiosis, and the exchange of DNA that occurs during 
the serial processes of primary and secondary endosymbioses. 
 DNA can be transferred multiple times through serial endosymbiosis. In the cases 
studied here, first, the common ancestor of red algae engulfed a photosynthetic 
cyanobacterium. When this occurred, some of the cyanobacterial DNA was transferred to 
the host nucleus while many genes necessary for photosynthesis remained intact in the 
cyanobacterial cell, which became the plastid. Some of the bacterial genes that were 
transferred to the red algal nucleus were necessary for photosynthesis, while others 
replaced algal genes that had a similar function (Archibald 2009). When red algae later 
were engulfed by heterotrophic eukaryotes, more DNA transfer occurred. Some of the 
cyanobacterial and red algal genes were transferred from the red algal nucleus to the new 
hosts’ nuclei. Also, some of the remaining red algal plastid DNA was transferred to the 
new hosts’ nucleus (Martin et al. 1998). It is easy to see that, after several rounds of 
endosymbiosis and corresponding movement of genes, it can be very difficult to 
determine how certain species are related and how they obtained their plastids. For 
example, a tertiary endosymbiont will contain genes that were originally from 
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cyanobacteria, red algae, and a secondary endosymbiont. In fact this thesis predicts that 
haptophytes obtained their plastids through a quaternary endosymbiosis event. This 
means that haptophyte nuclei contain genes that were obtained from cyanobacteria, red 
algae, cryptophytes, and heterokonts. By utilizing three different testing methods this 
thesis was able to analyze these chimeric genomes and determine how various algae got 
their plastids. 
Algae that inherited red algal plastids 
In one case, the Cryptophyta, the red algal nucleus remains intact although highly 
reduced, and is referred to as a nucleomorph. Because of the presence of this 
nucleomorph it can safely be assumed that cryptophytes obtained their plastids directly 
through the endosymbiotic adoption of a red alga (Douglas et al. 2001). It was once 
thought that the host cells of the previously mentioned groups (cryptophytes, haptophytes, 
and heterokonts) could be fairly closely related, so they were classified into a super-group 
called the Chromalveolata (Cavalier-Smith 1999, Keeling 2004, Keeling 2009). The 
Chromalveolate hypothesis was put forward in an attempt to explain the origins of all 
algae containing secondary red plastids; it argued that the common ancestor of all 
chromalveolates obtained a plastid in one endosymbiosis by consuming a red alga. Figure 
2 depicts two possible scenarios, of ancient endosymbiosis events, predicted by the 
Chromalveolate hypothesis (Lane & Archibald 2008). 
 Since the Chromalveolata was proposed, several issues have arisen that raise 
questions about the validity of the hypothesis. First, if the common ancestor to all 
chromalveolates contained a plastid, why do so many chromalveolate species lack 
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plastids? When this hypothesis originally was proposed, researchers assumed that 
successful endosymbioses are very rare, and that plastid loss is common by comparison 
(Cavalier-Smith & Lee 1985). On the contrary, complete plastid loss has not been 
observed in nature from within a clearly defined photosynthetic group; thus it does not 
appear accurate to assume that plastid acquisition is more rare than plastid loss (Bodył et 
al. 2009). This suggests that, contrary to observed patterns of evolution, either plastid loss 
was very common among chromalveolates, or that photosynthetic chromalveolates 
obtained their plastids via independent endosymbioses rather than one ancient event. 
Phylogenetic analyses also have raised serious questions about the validity of the 
Chromalveolate hypothesis. For example, a 2008 paper by Burki and colleagues suggests 
that cryptophytes share a recent common ancestor with red algae and green plants, rather 
than with the rest of the chromalveolates (Burki et al. 2008). Figure 3 is from a more 
recent publication by Burki et al. (2012a), which further supports such a relationship. If 
cryptophytes share a common ancestor with red algae, as shown in figure 3, then a 
secondary endosymbiosis could not have occurred in the common ancestor of 
chromalveolates, because red algae would be descended from that same ancestor. 
 In two papers, one published by Stiller et al. and the other by Baurain et al., the 
Chromalveolate Hypothesis was tested explicitly and rejected (Baurain et al. 2010, Stiller 
et al. 2009). The paper by Stiller et al. provided evidence that showed that the non-
photosynthetic relative of ochrophytes contained no evidence of a lost plastid, thus 
rejecting the hypothesis that one ancient endosymbiosis event occurred. 
 Another	  complicating	  factor	  is	  the	  amount	  of	  phylogenetic	  “noise”	  present	  in	  genomes,	  either	  due	  to	  extraneous	  horizontal	  gene	  transfers,	  or	  computational	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biases	  that	  are	  not	  accounted	  for	  in	  programs	  that	  analyze	  genome	  similarity.	  One 
study that analyzed a diatom genome using BLAST searches of the NCBI database, and a 
phylogenomics pipeline, suggested that about 1700 diatom genes are of green algal origin 
(Moustafa et al. 2009). Moustafa and colleagues took this as evidence that the common 
ancestor of all chromalveolates underwent an endosymbiosis with a green alga prior to 
their acquisition of a red algal plastid. A different report indicated that this number of 
putative green algal genes could result from a sampling error (Stiller et al. 2009). Stiller 
and colleagues used statistical correlations to show that such an error could be explained 
by the fact that there are such a large number of fully sequenced green plant and algae 
genomes compared to red algae, and that many of the 1700 genes probably matched due 
to chance. Part of the error also was attributed to the fact that the few red algal genomes 
available were from very exotic red algal species, which do not properly represent the 
average red algal genome. Another paper by Burki et al. (2012b) showed that extreme 
care must be taken when drawing conclusions for major evolutionary events. Prior to 
their work, 513 Chromera velia genes were thought to be of red and green algal origin. 
Upon closer inspection only 23 and 9 genes were found to be of red and green algal 
origin respectively. To avoid these problems, this research incorporates the correlation 
between number of best BLAST matches to each major group and the number of genes 
available as targets from that group. This will allow an assessment of whether a result is 
significant or whether it is a result of sampling bias.  
To account for growing problems with the chromalveolate model, new hypotheses 
have been formulated. Bodyl et al. predict that cryptophytes, haptophytes, and 
heterokonts obtained their plastids via separate endosymbiotic events (Bodył et al. 2009).  
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Figure 4 (Bodył et al. 2009) illustrates one of the recent hypotheses for how these groups 
could be related, both phylogenetically and via endosymbioses. Figure 4 also shows that 
based on the suspected position of cryptophytes and haptophytes one ancient red algal 
endosymbiosis is not possible. Sanchez-Puerta and Delwiche (2008) hypothesized that 
the common ancestor of cryptophytes and haptophytes obtained their plastid via a single 
secondary-endosymbiosis event, and then tertiary-endosymbiotic events led to plastid 
acquisitions by photosynthetic heterokonts and alveolates. Although these models 
account for some of the problems with the Chromalveolate hypothesis, little research has 
been done to specifically support a clear pattern of independent or serial endosymbiosis 
events. This investigation compares genes from species of these three different groups, 
along with a large data set from diverse eukaryotes, in an effort to determine how they all 
obtained their plastids. 
  
CHAPTER 2: USE OF REGRESSION ANALYSES TO UNCOVER EVIDENCE OF 
PAST ENDOSYMBIOSES 
Introduction 
 The absence of a strong phylogenetic signal among major eukaryotic taxa has 
been a weakness of previous work analyzing the chromalveolate group, but this thesis 
overcomes that issue by utilizing regression analyses. The absence of strong 
phylogenomic signals allows for a correlative relationship between the size of a sequence 
database from a major eukaryotic taxon and its overall similarity to a given genome. This 
creates a null expectation against which actual genome similarities can be compared. This 
relationship was first established by Stiller et al. (2009), which demonstrated that there is 
a highly significant correlation between the number of best BLAST hits and the total 
number of genes from groups to which the query is compared. 
Methods 
 The first goal of this work was to determine whether haptophytes, cryptophytes, 
and photosynthetic heterokonts share more nuclear genes than would be expected by 
chance, given that these groups are not directly related as depicted in figure 3. A greater 
number of shared genes than expected could indicate that these groups are related via 
endosymbiotic gene transfer.  First the genomes of all of the species listed in appendix 1 
were obtained and compiled as a BLAST searchable database for a larger collaborative 
project by Jipei Yue. The nucleomorph of Guillardia theta was included in the list of 
genomes that were obtained and was added to, and considered part of, the Guillardia 
theta nuclear genome. Also, as stated in appendix 1, the Perkinsus marinus genome is 
included in the closely related Apicomplexa group for all testing performed in this thesis. 
Initial BLASTP searches of all genes in the query genomes (indicated in appendix 1) 
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were performed against the entire BLAST searchable database, with the major phylum to 
which the query belonged removed in order to recover and rank all hits to all other major 
eukaryotic groups in appendix 1. The number of query genome genes that aligned best to 
sequences from each major group in appendix 1 was recorded, with a threshold alignment 
score of ≤ 1e-10. Linear regressions were performed using the number of best BLAST hits 
to each group versus the number of total genes in the data sets collected for each group. 
Studentized residuals were then calculated for each data point using SPSS statistical 
software (IBM Corp. 2011) to determine whether there was significant deviation from 
predicted values from the regression model. The use of studentized residuals allows for 
the identification of outliers (Cook & Weisberg 1947) or, in this case, phyla that are 
significantly more similar to a genome than expected. 
An additional modified procedure was performed to test the relationship between 
haptophytes and photosynthetic versus non-photosynthetic heterokonts. Using non-
photosynthetic genes from the Emiliania huxleyi genome as the BLAST queries, we 
found the number of best BLAST hits to each group in appendix 1 as described above; 
however, in one case, all of the non-photosynthetic heterokonts were removed from the 
BLAST database and in the other case all of the photosynthetic heterokonts were 
removed. 
Results 
 Figures 5 through 12 and tables 2 through 9 illustrate the linear regressions and 
studentized residuals calculated based on the various BLAST queries used. In order for a 
data point to be considered to deviate significantly from its expected value it must have a 
studentized residual greater than or equal to 3 standard deviations above the mean 
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residual value, while if the data point is greater than 2 standard deviations above the 
mean residual value it is considered to be potentially significant (Cook & Weisberg 1947). 
Further testing, described in Chapters 3 and 4, was used test support for the patterns 
deduced from the linear regression and studentized residual analyses. When the BLAST 
searches were performed, all species from the same group as the query (including the 
query itself) were removed from the BLAST database in order to prevent strong 
phylogenetic signal from affecting the correlations. Tables 2 through 9 all contain blanks 
based on this correction. Figures 5 through 8 and tables 2 through 5 show the results from 
when a photosynthetic heterokont was used as the query of the BLAST search. Figures 9 
and 10, and tables 6 and 7, contain results with non-photosynthetic heterokonts used as 
the query. Figure 11 and table 8 show the results when Emiliania huxleyi, a haptophyte, 
was used as the query. Figure 12 and table 9 contains the data from Guillardia theta, a 
cryptophyte, used as the BLAST query.  
The linear regression in figure 5 has a low R2 value of 0.2946, which can partially 
be attributed to the Cryptophyta and Haptophyta groups appearing 1.64 and 1.88 standard 
deviations above the mean residual value (Table 2). The Cryptophyta and Haptophyta 
groups do not differ significantly from their predicted values (less than three standard 
deviations above the mean residual value) meaning no definitive conclusion can be made; 
however, both groups appear over 1 standard deviation above the mean residual value 
suggesting some relationship between Phaeodactylum and cryptophytes and between 
Phaeodactylum and haptophytes. 
 Like figure 5 the linear regression in figure 6 has a low R2 value, and similar to 
what is seen in figure 5 Thalassiosira appears to share a relationship with both 
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cryptophytes and haptophytes (1.70 and 1.85 standard deviations above the mean residual 
value respectively (Table 3)). 
 Unlike in figures 5 and 6, the linear regression in figure 7 has a moderate R2 value 
of 0.51585. This increase in the fit of the curve is likely due to the reduced signal shared 
between Ectocarpus and haptophytes (only 0.61 standard deviations above the mean 
residual value (Table 4)). Although the signal between Ectocarpus and haptophytes was 
diminished, Ectocarpus’ shared signal with cryptophytes remains consistent with what 
was seen in figures 5 and 6 (1.79 standard deviations above the mean residual value 
(Table 4)). 
 Figure 8 and Table 5 show that Aureococcus shares what is considered to be a 
potentially significant relationship with the Haptophyta group (2.64 standard deviations 
above the mean residual value (Table 5)), while the Cryptophyta signal appears to be 
greatly diminished (1.00 standard deviations above the mean residual value (Table 5)). 
 Figure 9 and Table 6 show that Pythium ultimum, a heterokont that does not 
contain a chloroplast, does not share any significant resemblance to the Haptophyta or 
Cryptophyta groups (Studentized residuals of -0.66 and 0.58 respectively (Table 6)). The 
R2 value of the linear regression in figure 9 is much greater than what was seen in figures 
5-8 because of the lack of the shared signal with haptophytes and cryptophytes. 
 Figure 10 and Table 7 are similar to Figure 9 and Table 6 in that Phytophthora 
infestans is a non-photosynthetic heterokont, and there appears to be no significantly 
increased resemblance to the haptophyte or cryptophyte groups (-0.88 and 0.67 standard 
deviations above the mean residual value respectively (Table 7)). 
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 Figure 11 shows the linear regression and studentized residuals where Emiliania 
huxleyi, a haptophyte, was used as the query of the BLAST search. When looking at the 
linear regression, in conjunction with the data in Table 8, it is apparent that the 
Heterokonta group is 3.15 standard deviations above the mean residual value. This shows 
that there is a significant relationship shared between Emiliania (representing 
haptophytes) and heterokonts. From the studentized residuals in Table 8 there does not 
appear to be a significant signal shared between Emiliania and any other group. 
 Figure 12 and Table 9 show that Guillardia, representing cryptophytes, shares 
what is considered to be a potentially significant relationship (2.07 standard deviations 
above the mean residual value) with heterokonts. While it is not considered to be 
significant, there does seem to be some shared signal between cryptophytes and red algae 
(Rhodophyta lays 1.3 standard deviations above the mean residual value). According to 
the data in Table 9, Guillardia and haptophytes do not appear to share a signal 
(haptophytes only lay 0.18 standard deviations above the mean residual value). 
Summary 
 From the data presented in Figures 5 through 12 and Tables 2 through 9 several 
predictions can be made. The non-significant, but slightly above average, signal shared 
between red algae and Guillaridia (Figure 12 and Table 9) in conjunction with the 
presence of nucleomorphs in cryptophytes provide evidence that the Cryptophyta group 




The potentially significant signal shared between Guillardia theta and heterokonts 
(evident in Figure 12 and Table 9) suggest that a good deal of genetic material is shared 
between cryptophytes and heterokonts. Because it has been shown that these groups are 
not directly related (Burki et al. 2008, Burki et al. 2012a) it appears that the shared signal 
could likely be a sign of genetic material that was transferred from one species to another 
during an endosymbiosis event, otherwise referred to as endosymbiotic gene transfer 
(EGT). The data from Figures 5-10 and Tables 2-7 more specifically supports a 
relationship between cryptophytes and photosynthetic heterokonts. In Figures 5 through 8 
and Tables 2 through 5 (where photosynthetic heterokonts were used as the BLAST 
query) the Cryptophyta group lies 1.64, 1.70, 1.79, and 1.00 standard deviations above 
the mean residual value respectively. While these values are not considered significant, 
they lay at least 1 standard deviation above the mean residual value and warrant 
consideration. When looking at the data from non-photosynthetic heterokonts depicted in 
Figures 9 and 10 and Tables 6 and 7 the Cryptophyta only lays 0.58 and 0.67 standard 
deviations above the mean residual value respectively. When considering that plastid loss 
is uncommon (Bodył et al. 2009), these data led to the formation of the hypothesis that 
photosynthetic heterokonts obtained their plastids via the (tertiary) endosymbiotic 
adoption of a cryptophyte (Figure 14).  
 An additional hypothesis that emerged from regression analyses is based on the 
relationship displayed between haptophytes and photosynthetic heterokonts. When 
looking at the studentized residuals and regression analyses of the Phaeodactylum and 
Thalassiosira BLAST results (Figures 5 and 6 and Tables 2 and 3) there appeared to be a 
moderately strong, though not significant, signal shared between the photosynthetic 
	  	  
13	  
heterokonts and the Haptophyta group (1.88 and 1.85 standard deviations above the mean 
residual value respectively (Tables 2 and 3)). The Ectocarpus results (Table 4 and Figure 
7) did not indicate any particular relationship (Haptophyta lay 0.61 standard deviations 
above the mean residual value (Table 4)). When looking at the results from the 
Aureococcus analyses (Figure 8 and Table 5), however, a potentially significant signal is 
present between Aureococcus and the Haptophyta group (2.64 standard deviations above 
the mean residual value (Table 5)). With residual values of -0.66 and -0.88 (Tables 6 and 
7 respectively) it is readily apparent that non-photosynthetic heterokonts (Pythium and 
Phytophthora from Figures 9 and 10 and Tables 6 and 7 respectively) do not share a 
signal with the Haptophyta group. When analyzing Table 8 and Figure 11, there is a 
definitively significant signal shared between Emiliania huxleyi (a haptophyte) and the 
Heterokonta group. In fact, this is the only definitively significant relationship 
ascertained from the regression analyses (the Heterokonta group lies 3.15 standard 
deviations above the mean residual value (Table 8)). There is no apparent relationship 
between haptophytes and red algae or haptophytes and cryptophytes (0.00 and 0.68 
standard deviations above the mean residual value respectively(Table 8)), and there is a 
strong relationship between haptophytes and photosynthetic heterokonts. Thus, a 
hypothesis was formed which predicted that haptophytes acquired their plastids via the 
(quaternary) endosymbiotic adoption of a photosynthetic heterokont (Figure 15). 
 Figure 16 illustrates the serial nature of the three previously proposed 
endosymbiotic events, in addition to the well-known endosymbiotic adoption of a 
Cyanobacteria by the common ancestor of red algae. 
  
CHAPTER 3: FISHERS’S EXACT TESTS 
Introduction 
 From the regression analyses, hypotheses were formulated to predict how 
photosynthetic heterokonts and haptophytes obtained their plastids. As discussed at the 
end of Chapter 2, it was predicted that a series of endosymbioses were responsible for the 
transfer of plastids from red algae to cryptophytes, then to photosynthetic heterokonts, 
and finally to haptophytes. This chapter aims to utilize Fisher’s exact tests to test the 
previously outlined hypotheses. The origin of plastids in cryptophytes is not explicitly 
tested in this chapter because of the presence of nucleomorphs in cryptophytes. As 
discussed in the introduction, nucleomorphs in cryptophytes are reduced red algal nuclei 
left over from the endosymbiotic adoption of a red alga by the common ancestor of 
cryptophytes (Douglas et al. 2001). Because cryptophytes contain nucleomorphs, while 
haptophytes and photosynthetic heterokonts do not, it is extremely unlikely that 
cryptophytes could have received their plastids from either of these latter groups and 
must have obtained them directly from a red alga. 
 The first hypothesis to be tested is whether photosynthetic heterokonts acquired 
their plastids via the endosymbiotic adoption of a cryptophyte. If photosynthetic 
heterokonts acquired photosynthesis from a cryptophyte endosymbiont, then a 
cryptophyte genetic contribution should be present in photosynthetic heterokonts, but not 
in heterotrophic heterokonts that diverged prior to the endosymbiosis. The second 
hypothesis tested in this chapter is whether haptophytes obtained their plastids via the 
endosymbiotic adoption of a photosynthetic heterokont. If plastids did pass from a 
photosynthetic heterokont to haptophytes, this would mean that haptophytes would have 
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obtained some nuclear genes that are unique to heterokonts via endosymbtiotic gene 
transfer. Thus, when tested, it would be expected to see a shared signal between 
haptophytes and both photosynthetic and non-photosynthetic heterokonts. If 
photosynthetic heterokonts obtained their plastids from a haptophyte it would be 
expected that endosymbiotic gene transfer resulted in the transfer of some haptophyte 
genes into photosynthetic heterokonts only. By testing whether haptophytes share a 
significant number of genes with photosynthetic and non-photosynthetic heterokonts, it 
will be possible to determine in which direction the endosymbiosis occurred. 
Methods 
 Fisher’s exact tests were performed to determine whether the signals of shared 
genome content between groups, observed in regression analyses, were significant. A 
new set of BLAST results was obtained for Fisher’s exact testing. First, as noted in 
appendix 1, three species that were previously used as the query of a BLAST search 
during regression analyses were no longer utilized while the Blastocystis hominis genome 
was included in the Fisher’s exact analyses. Also in order to prevent biases because some 
organisms have genes related to photosynthesis and others do not, only genes unrelated to 
plastid function were used. To ensure that only non-photosynthetic genes were used, each 
query gene had to be present to any combination of at least two animals and/or fungi with 
an E-value threshold no greater than 1e-10. The BLAST results used for Fisher’s exact 
testing can be seen in appendix 5. 
The Fisher’s exact tests were set up to determine whether the signal of one group 
versus the query was significant as compared to a control group. The first set of tests was 
performed using the BLAST results with the Phaeodactylum genome as the query. The 
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first two tests used the Phaeodactylum genome to compare the number of shared genes 
with red algae versus the number of shared genes with control groups (Heterolobosea and 
Amoebozoa). The Heterolobosea and Amoebozoa groups were used as controls because 
it is believed that these groups never contained plastid-bearing organisms, and the sizes 
of their genomes (number of genes) are the closest in the dataset, above and below, to the 
size of the target data set. For example, when looking for a red algal signal in 
Phaeodactylum, the cumulative number of genes in the red algal data set should be as 
close as possible to the number of genes in the control group data set. The same two tests 
were performed using the Aureococcus, Phytophthora, and Blastocystis genomes as the 
query. The purpose of these tests was to determine whether photosynthetic and non-
photosynthetic heterokonts contain genes that could have been attained through 
endosymbiotic gene transfer. The predetermined significance level (α) of 0.01 was 
chosen and adjusted using the sequential Bonferroni correction (Holm 1979), otherwise 
called the Holm-Bonferroni method. It is important to correct for multiple tests because 
the more tests that are run, the more likely it is for a rare event to occur, which could 
result in a false positive. In the case of the Fisher’s exact tests performed in this study, a 
false positive could lead to the incorrect interpretation of the direction of various 
endosymbiosis events. To look for evidence of cryptophyte EGT into heterokont, the 
same sets of tests were repeated except we checked for a signal between Guillardia and 
the four heterokont species versus the control. These tests were performed to help 
determine whether photosynthetic heterokonts could have obtained their plastids through 
endosymbiotic adoption of a cryptophyte, and whether non-photosynthetic heterokonts 
ever had those same chloroplasts. 
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 Slightly different tests were performed when testing for significant relations to the 
Emiliania huxleyi genome. The first two sets of Fisher’s exact tests were again checking 
for a relationship between red algae and Emiliania versus the two controls as well as the 
relationship between Guillardia and Emiliania versus the two controls. Again, the 
sequential Bonferroni correction was used to reduce the likelihood of inferring false 
positives. An additional two tests were performed to determine whether there was a 
significant signal between the Heterokonta group and Emiliania. These three sets of tests 
were performed to help determine whether haptophytes became photosynthetic by 
engulfing a red algae, cryptophyte, or photosynthetic heterokont. 
An additional analysis was performed to determine whether dividing the 
Heterokonta group up into photosynthetic and non-photosynthetic species would impact 
the significance level of their similarity to Emiliania. In order to do that, BLAST results 
using Emiliania as the query were analyzed removing all of the genes from non-
photosynthetic heterokonts. Using those modified BLAST results, Fisher’s exact tests 
were performed to determine whether a significant signal was shared between 
photosynthetic heterokonts and Emiliania versus the two control groups, and 
cryptophytes and Emiliania versus the two control groups. This process was repeated 
except that photosynthetic heterokont genes were removed from the original BLAST 
results and tested for a significant signal shared between non-photosynthetic heterokonts 
and Emiliania versus the two control groups, and cryptophytes and Emiliania versus the 
two control groups. By dividing the BLAST results based on the presence of 
photosynthetic/non-photosynthetic heterokonts it was possible to determine whether 
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heterokonts obtained their plastids from a haptophyte or whether haptophytes obtained 
their plastids from a photosynthetic heterokont. 
Results 
Table 10 contains the results of Fisher’s exact tests performed to determine 
whether various heterokonts contain a signal from the red algae group. 
 The results from the Fisher’s exact tests shown in Table 10 indicate that three out 
of four tests support the hypothesis that photosynthetic heterokonts contain red algal 
nuclear genes unrelated to plastid function that were obtained via endosymbiotic gene 
transfer. Conversely, the two non-photosynthetic heterokonts (Phytophthora and 
Blastocystis) did not undergo the same endosymbiosis process since the null hypothesis 
was not rejected in any of the four tests. Based on the predicted model of serial 
endosymbiosis, the contribution from red algal genes should not be as strong as from 
cryptophytes. This is because any red algal genes ending up in heterokonts came through 
a cryptophyte intermediate, meaning they would be more similar to a crypotphyte gene in 
most cases. 
 Table 11 shows the results of the Fisher’s exact tests that investigated whether 
photosynthetic heterokonts obtained their plastids, which originally are of red algal origin, 
by way of the endosymbiotic adoption of a cryptophyte.  
 The results from the Fisher’s exact tests in Table 11 indicate that four of four tests 
support the hypothesis that cryptophytes and photosynthetic heterokonts (in this case 
Phaeodactylum and Aureococcus) share a significant number of genes unrelated to 
plastid function. This supports the hypothesis that photosynthetic heterokonts acquired 
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their plastids, originally of red algal origin, through the endosymbiotic adoption of a 
cryptophyte and, in the process, they gained cryptophyte nuclear genes through 
endosymbiotic gene transfer. On the other hand only one of four Fisher’s exact tests 
supported the hypothesis that non-photosynthetic heterokonts and cryptophytes share a 
significant number of genes, and the p-value for that test (0.0003) was only marginally 
significant after sequential Bonferroni correction. Thus it can be assumed that non-
photosynthetic heterokonts and cryptophytes do not share a significant number of genes. 
Furthermore, when observing the other three tests, their p-values are far from being 
significant (0.999, 0.695, and 0.999), further reducing the chance that the first 
Phytophthora test is biologically meaningful.  
 Table 12 contains the results from the Fisher’s exact tests that were used to 
determine whether Emiliania huxleyi (a haptophyte) shares a significant number of non-
photosynthetic genes with red algae, cryptophytes, or heterokonts. 
 All but one of the tests in table 12 proved to be significant. Because the 
hypothesis in this experiment requires that the acquisition of a plastid in haptophytes 
occurred via a quaternary endosymbiosis event, it is likely that the red algal signal is 
being blocked by the stronger relationships between cryptophytes and haptophytes, and 
even more so between heterokonts and haptophytes, the most recent inferred plastid 
transfer.  Overall, the data are fully consistent with the hypothesis that a plastid was 
passed from a red alga to cryptophytes to photosynthetic heterokonts and on to 
haptophytes via a series of endosymbiosis events. 
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 Table 13 contains the last set of Fisher’s exact tests that look at whether 
photosynthetic and/or non-photosynthetic heterokonts share a strong signal with 
haptophytes. 
 The p-values of all four tests in Table 13 proved to be highly significant. This 
indicates that both photosynthetic and non-photosynthetic heterokonts do, in fact, share a 
significant number of genes with haptophytes, as expected if a plastid was transferred 
from heterokonts to haptophtyes.  
Summary 
 The data in Table 10 shows three of four fisher’s exact tests confirm that the two 
photosynthetic heterokonts (Phaeodactylum and Aureococcus) do share a significant 
number of genes with red algae. It is likely that one test that failed to reject the null 
hypothesis because the red algal signal was sequestered within the cryptophyte group; 
this is because it is predicted that cryptophytes are an intermediate between 
photosynthetic heterokonts and red algae in the proposed serial endosymbiosis model. On 
the other hand, none of the four tests in Table 10 suggest any relationship between non-
photosynthetic heterokonts and red algae. This data suggests that non-photosynthetic 
heterokonts never received genetic material of red algal origin via endosymbiotic gene 
transfer, meaning they never contained the plastid present in photosynthetic forms. These 
data also make one ancient endosymbiosis event into the common ancestor of all 
chromalveolates infeasible. 
 Table 11 shows that all four Fisher’s exact tests support the hypothesis that 
photosynthetic heterokonts share a significant number of genes with cryptophytes. These 
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data (in conjunction with the data from Figures 5-10 and 12 along with Tables 2-7 and 9) 
add credence to the hypothesis formulated in Chapter 2 (Figure 14), stating that 
photosynthetic heterokonts obtained their plastids via the endosymbiotic adoption of a 
cryptophyte. 
 The first two tests shown in Table 12 were designed to determine whether 
haptophytes share a significant number of genes with red algae. When the Heterolobosea 
group was used as the control the Fisher’s exact test showed that there are a significant 
number of genes shared between haptophytes and red algae, while this relationship was 
not supported when the Amoebozoa group was used as the control. This lack of support 
in one of the two tests can be attributed to the proposed serial endosymbiosis hypothesis, 
which has cryptophytes and photosynthetic heterokonts acting as intermediates in the 
transfer of a plastid from red algae to haptophytes (Figure 16). Thus it is likely that 
cryptophytes and photosynthetic heterokonts are absorbing some of the red algae signal 
that eventually found its way into haptophytes. The next four tests in Table 12 show that 
there are significant numbers of genes shared between haptophytes and both cryptophytes 
and photosynthetic heterokonts. These data either suggest that plastids were moved from 
cryptophytes to photosynthetic heterokonts to haptophytes, or from cryptophytes to 
haptophytes to photosynthetic heterokonts. 
 The data in Table 13, in addition to the data in Figure 11 and Table 8, help to 
confirm the hypothesis that plastids were transferred from cryptophytes to photosynthetic 
heterokonts to haptophytes. The data from Table 10, showing that photosynthetic and 
non-photosynthetic heterokonts diverged before photosynthetic heterokonts got their 
plastids, was utilized to determine which direction endosymbiosis occurred between 
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photosynthetic heterokonts and haptophytes. If photosynthetic heterokonts acquired their 
plastids via the endosymbiotic adoption of a haptophyte, then a significant number of 
genes shared between the two groups is expected, while non-photosynthetic heterokonts 
and haptophytes would not be expected to share a significant number of genes. 
Alternatively, if haptophytes got their plastids by engulfing a photosynthetic heterokont, 
then heterokont genes that were transferred to the haptophyte nuclei during 
endosymbiotic gene transfer should align best with photosynthetic and/or non-
photosynthetic heterokonts. By dividing the Heterokonta group into two separate groups 
consisting of photosynthetic heterokonts in one and non-photosynthetic heterokonts in the 
other, it was possible to test whether there were a significant number of genes shared 
between haptophtyes and photosynthetic heterokonts and, separately, whether there was a 
significant relationship between haptophytes and non-photosynthetic heterokonts. When 
looking at the data in Table 13 it is evident that haptophytes share a significant number of 
genes with both photosynthetic and non-photosynthetic heterokonts, supporting the 
hypothesis that haptophytes obtained their plastids through the endosymbiotic adoption of 
a photosynthetic heterokont (depicted in Figures 15 and 16). 
  
CHAPTER 4: PLASTID GENE PHYLOGENY 
Introduction 
 In Chapters 2 and 3, all tests were performed using nuclear genetic data. From 
those results several hypotheses were formulated and supported. The first hypothesis 
predicted that photosynthetic and non-photosynthetic heterokonts diverged before 
photosynthetic heterokonts obtained plastids. This hypothesis was supported by the data 
seen in Figures 5-10 and Tables 2-7, 10, and 11. The second hypothesis predicted that 
photosynthetic heterokonts obtained their plastids through the endosymbiotic adoption of 
a photosynthetic cryptophyte (Figure 14). Again, Figures 5-8 and Tables 2-5 and Table 
11 supported this hypothesis. The third and final hypothesis predicted that haptophytes 
obtained their plastids via the endosymbiotic adoption of a photosynthetic heterokont 
(Figure 15). This hypothesis is supported by the data in Chapters 2 and 3, specifically 
Figures 5-8 and Tables 2-5, 12 and 13. 
Because all these tests were run using nuclear genes, and this thesis aims to 
describe a pattern of plastid transfer, it was deemed prudent to also perform analyses 
using plastid genomes. In this chapter various plastid genes from species of the 
Rhodophyta, Viridiplantae, Heterokonta, Rhizaria, Haptophyta, and Cryptophyta groups 
were used to create a phylogeny. This phylogeny can then be used to support or reject the 
hypothesis that plastids were transferred serially from red algae to cryptophytes to 




 A phylogeny was inferred using 11 plastid genes from 16 different species to 
further test the conclusions from the regression analyses and Fisher’s exact testing. The 
eleven plastid genes used to create the phylogeny are listed in appendix 2. These 11 genes 
were chosen from a pool of genes that had previously been used (Baurain et al. 2010) to 
construct a plastid phylogeny. The 11 genes used in this study were chosen because they 
are all longer than 300 amino acids, giving ample data to form a phylogeny. The 
phylogeny was constructed using the 16 photosynthetic species listed in appendix 3. The 
species used to create the plastid phylogeny were the same ones used in the nuclear gene 
analyses, thus preventing the complication of adding additional taxa to this explicit but 
independent test of conclusions from nuclear genes from these organisms. The plastid 
genes were downloaded from NCBI’s plastid genome resource webpage. A model test 
was performed for each alignment of amino acid sequences inferred from these genes 
using MEGA software, which determined that the best model to use for a concatenated 
alignment was the cpREV+G+I model (Adachi et al. 2000). The cpREV+G+I model is an 
amino acid substitution model for proteins encoded by chloroplast DNA, which 
incorporates the gamma-distributed rate model (using 4 discrete rate categories) while 
allowing a proportion of sites to be invariable. An alignment using MUSCLE (Edgar 
2004) was created in MEGA (Tamura et al. 2011) for each of the 11 gene sets. All 11 
sequences were combined for each of the 16 species, which resulted in a concatenated 
alignment with which to build a phylogenetic tree. The aligned sequences were trimmed 
of all regions where a gap occurred in one or more species, and of regions surrounding 
gaps that had ambiguous alignments. After this trimming process, the length of the 
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alignment was reduced from 6267 amino acid positions down to 5509. These 
concatenated sequences can be seen in appendix 4. 
 Three different phylogenies were created using the sequence data. The first was a 
maximum-likelihood (ML) bootstrap tree (1000 repetitions) created using Phyml 
software (Guindon et al. 2010) with the cpREV+G+I model. A second tree was inferred 
using only species with a plastid of red algal origin, which are indicated in appendix 3, to 
reduce the effects of long-branch attraction (Bergsten 2005, Felsenstein 1978) from more 
distant green algal plastids. As with the first tree, the second was also a ML bootstrap tree 
with 1000 repetitions created by Phyml software using the cpREV+G+I model. Finally a 
third tree containing all 16 species was created using Bayesian inference. To do this we 
used MrBayes software (Huelsenbeck & Ronquist 2001, Ronquist & Huelsenbeck 2003) 
with the cpREV+G+I model, which was allowed to run for one million iterations with 
trees sampled every 100 generations.  Based on standard deviations among split 
frequencies, the final 1000 trees sampled were used to construct the Bayesian consensus 
tree. 
Results 
 Although the results from Chapters 2 and 3 appear well supported, a further test 
of the hypothesized route of serial endosymbiotic plastid transfer was performed using a 
phylogeny from plastid genes, to confirm the results from the analysis that were based on 
nuclear genes. Figure 17 shows the combination of the ML and Bayesian trees (both 




When all 16 species were used to create the phylogeny, the seven species 
containing a plastid of green algal origin were recovered as monophyletic and the 
remaining 9 species with plastids of red algal origin were a monophyletic grouping. 
When observing the 16 species Bayesian/ML bootstrap tree, specifically the clade of the 
tree containing species with a plastid of red algal origin, it was apparent that inferences 
about this ingroup could have suffered from long-branch attraction artifacts from more 
distant green plastid sequences. Therefore, a phylogeny was constructed that 
encompassed only the species containing plastids of red algal origin to reduce the effects 
of long branch attraction, and to demonstrate that the ingroup tree did not change when 
the outgroup was removed.  The third set of node values in Figure 17 show that the 
topology of the red algal sub-tree did not change, and the node support values generally 
improved.  The 16 species tree created using Bayesian inference had high support values 
at all locations, so, given results of ML analyses, it was deemed unnecessary to re-run the 
tree with a red algal plastid subset in MrBayes. 
Summary 
From Figure 17 it is clear that the plastid phylogeny is consistent with Guillardia 
(representing cryptophytes) receiving its plastid from an organisms within the red algae. 
From there it is consistent with a plastid common ancestor for haptophytes and 
heterokonts that came from a cryptophyte. From the tree alone, however, it cannot be 
determined which direction the plastid transfer occurred between haptophytes and 
heterokonts.  Nevertheless, the results from Chapters 2 and 3 strongly support plastid 
movement from photosynthetic heterokonts to haptophytes, and the plastid tree is 
consistent with that hypothesis.  
CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS 
Through regression analyses and Fisher’s exact tests using nuclear genes, as well 
as phylogenetic analyses based on plastid genes, this investigation provides strong 
evidence of the transfer of photosynthetic organelles (plastids) from a red alga to 
cryptophytes to photosynthetic heterokonts and finally to haptophytes. 
 The first proposed plastid transfer from a red alga to the common ancestor of all 
photosynthetic cryptophytes is supported by our findings, as well as by the cell structure 
of cryptophytes. The presence of a nucleomorph, which has been shown to be a 
maintained yet highly reduced red alga nucleus present in photosynthetic cryptophytes 
(Douglas et al. 2001), indicates that plastids in cryptophytes must have been obtained via 
direct endosymbiotic adoption of a red alga. The species in both the heterokont and 
haptophyte groups lack nucleomorphs, indicating that neither group could have 
contributed a plastid to cryptophytes. The nuclear gene regression analysis (Figure 12 and 
Table 9) in Chapter 2 supports the hypothesis that there is a shared relationship between 
red algae and cryptophytes (Figure 13). The plastid gene phylogeny (Figure 17) in 
Chapter 4 most definitively supports the argument that cryptophytes obtained their 
plastids directly from a red alga by showing that the cryptophyte plastid genome branches 
directly from the branch leading to Chondrus crispus (a red algae). 
 The results presented in Chapters 2 and 3 support the hypothesis that 
photosynthetic and non-photosynthetic heterokonts diverged before photosynthetic 
heterokonts acquired plastids. The Fisher’s exact test results in Tables 10 and 11 show 
that non-photosynthetic heterokonts (Phytophthora and Pythium) do not share a 
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significant number of genes with red algae or cryptophytes. This suggests that non-
photosynthetic heterokonts never contained a plastid, because if they did there would be 
signs of red algae and/or cryptophyte genes present in non-photosynthetic heterokont 
nuclei obtained via endosymbiotic gene transfer. When testing for a cryptophyte signal in 
Phytophthora, and the Heterolobosea group was used as the control, the Fisher’s exact 
test resulted in a marginally significant P-value (Table 11). This value is most likely an 
anomaly because when the same relationship was tested again, using the Amoebozoa 
group as the control, the P-value was completely insignificant with a value of 0.999. Also 
the two Fisher’s exact tests using Pythium ultimum as the query showed no sign of a 
shared signal between the query and red algae. 
The results presented in Chapters 2, 3, and 4 all support the hypothesis that the 
common ancestor to all photosynthetic heterokonts acquired its plastid through the 
endosymbiotic adoption of a photosynthetic cryptophyte (Figure 14). The findings in this 
experiment are coupled with the determination that the host cells of cryptophytes and 
photosynthetic heterokonts are not monophyletic (Burki et al. 2008, Burki et al. 2012a), 
meaning that a strong signal of shared genes between the two is most consistent with 
endosymbiotic gene transfer.  First the results presented in Chapter 2 show the relatively 
large studentized residual values for the number of BLAST hits between Guillardia theta 
and photosynthetic heterokonts (specifically Phaeodactylum, Thalassiosira, Ectocarpus, 
and Aureococcus). These results, featured in Figures 5, 6, 7, 8, and 12, and Tables 2, 3, 4, 
5, and 9, suggest that endosymbiotic gene transfer led to shared nuclear genes from a 
cryptophyte in the common ancestor of photosynthetic heterokonts. The Fisher’s exact 
test results presented in Tables 10 and 11 supports that proposed plastid transfer. Table 
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10 shows that three out of four Fisher’s exact tests support at least a marginally 
significant signal shared between photosynthetic heterokonts and red algae, which is 
expected since the plastids in heterokonts are of red algal descent. It is reasonable the red 
algal signal in photosynthetic heterokonts is only marginally significant based on the 
further results presented in Table 11. Four out of four Fisher’s exact tests support a 
significant signal shared between photosynthetic heterokonts and cryptophytes. This 
strong signal shared between those two groups could overshadow most of the signal 
between red algae and photosynthetic heterokonts, resulting in the only marginally 
significant P-values seen in Table 10. When analyzing Figure 17 in it is evident that 
photosynthetic heterokont plastids originated from a cryptophyte plastid, because the 
photosynthetic heterokonts branch off from a cryptophyte rather than directly from red 
algae. Together the results from Chapters 2, 3 and 4 support the hypothesis that plastids 
were transferred serially from a red alga to cryptophytes and then to photosynthetic 
heterokonts (Figures 13 and 14). 
 The final hypothesis, that haptophytes acquired their plastids through the 
endosymbiotic adoption of a photosynthetic heterokont (Figure 15), is supported by the 
results presented in Chapters 2 and 3. Figures 5 and 6, and Tables 2 and 3, provide 
evidence that there is a strong though not statistically significant signal shared between 
heterokonts and haptophytes. Figure 8 and Table 5 show that Aureococcus (a 
photosynthetic heterokont) shares a strong and potentially significant signal with 
haptophytes. Furthermore, Figure 11 and Table 8 show that when Emiliania huxleyi (a 
haptophyte) was used as the query of the BLAST search there was a significant signal 
shared between Emiliania and heterokonts (the Heterokonta group lays 3.15 standard 
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deviations above the mean residual value (Table 8)). Though the previously mentioned 
regression/residual data do suggest a strong relationship between heterokonts and 
haptophytes, they do not provide a definitive direction of plastid transfer. Thus it was 
necessary to perform additional analyses in the form of Fisher’s exact testing. Fisher’s 
exact test results present in Table 12 show that there is a significant signal shared 
between haptophytes and cryptophytes as well as a significant signal between 
haptophytes and heterokonts. Also in Table 12 one Fisher’s exact test supported a 
marginally significant signal between haptophytes and red algae, while the other Fisher’s 
exact test showed that there was apparently no signal shared between red algae and 
haptophytes. This lack of signal is consistent with the proposed model that three 
endosymbiosis events separate red algae and haptophytes, and the expected red algae 
signal is likely being sequestered by the strong cryptophyte and heterokont signals. 
If photosynthetic heterokonts obtained their plastids through the endosymbiotic 
adoption of a haptophyte, then haptophyte nuclear genes would be found in 
photosynthetic heterokonts’ nuclei due to endosymbiotic gene transfer. Thus it would be 
expected to see a significant signal shared between haptophytes and photosynthetic 
heterokonts, and no significant signal shared between haptophytes and non-
photosynthetic heterokonts.  On the other hand if haptophytes obtained their plastids 
through the endosymbiotic adoption of a photosynthetic heterokont, then heterokont 
nuclear genes would be found in haptophyte nuclei due to endosymbiotic gene transfer. 
In this case it would be expected to see a significant signal shared between haptophytes 
and both photosynthetic and non-photosynthetic heterokonts. 
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The data from Table 13 strongly supports the hypothesis that plastids were 
transferred from a photosynthetic heterokont to the common ancestor of haptophytes, and 
not the other way around. Results of all four Fisher’s exact tests in Table 13 are less than 
the designated significance level. This indicates that there are significant numbers of 
nuclear genes shared between haptophytes and both photosynthetic and non-
photosynthetic heterokonts. As rationalized above, this indicates that haptophytes 
acquired their plastids by the endosymbiotic adoption of a photosynthetic heterokont. 
Through the use of linear regression analyses and fisher’s exact testing of nuclear 
genes, in combination with the construction of a plastid gene phylogeny, this thesis was 
able to both develop and provide significant support for an alternative to the 
Chromalveolate hypothesis. In aggregate, the data in this thesis provide evidence of 
secondary, tertiary, and quaternary endosymbiosis events that explains the distribution of 
photosynthesis across many of the most important groups of eukaryotic algae. 
 Although this study does not propose how all of the groups once thought to be 
part of the Chromalveolata group are related, it does provide a model for how 
cryptophytes, haptophytes and photosynthetic heterokonts acquired their plastids. In the 
future, the methodology used in this study could help to discover how all photosynthetic 
eukaryotes are related through endosymbiosis. 
  
TABLES 
	  	   Cryptophyta	   Photosynthetic	  Heterokonts	   Haptophyta	  
Cellular	  
structure	  
3-­‐50	  μm	  in	  length,	  two	  
flagella,	  contain	  a	  
nucleomorph	  
Primarily	  have	  two	  
flagella,	  range	  from	  
unicellular	  to	  
multicellular	  
Characterized	  by	  a	  
haptomena	  (a	  flagellar	  
like	  structure	  that	  
emerges	  between	  the	  
cells’	  two	  flagella),	  
some	  species	  have	  
scaled	  outer	  surfaces	  
Plastid	  
features	  
Usually	  contain	  one	  
plastid,	  the	  average	  
plastid	  genome	  size	  is	  
approximately	  120	  kb	  
which	  accounts	  for	  
approximately	  140	  
protein	  encoding	  
genes;	  the	  plastids	  
have	  four	  envelope	  
membranes	  
Contain	  one	  or	  more	  
plastids,	  the	  average	  
plastid	  genome	  size	  is	  
approximately	  122	  kb	  
which	  accounts	  for	  
approximately	  133	  
protein	  encoding	  genes;	  
plastids	  have	  four	  
envelope	  membranes	  
Contain	  one	  or	  two	  
plastids,	  the	  average	  
plastid	  genome	  size	  is	  
approximately	  103	  kb	  
which	  accounts	  for	  
approximately	  112	  
protein	  encoding	  





The	  structures	  of	  
cyrptophytes	  do	  not	  
allow	  them	  to	  be	  
preserved	  as	  fossils	  
Oldest	  putatively	  
photosynthetic	  
heterokont	  fossil	  dates	  
back	  to	  1000	  million	  
years	  ago	  
Molecular	  clock	  
estimation	  of	  805-­‐1000	  
million	  years	  ago	  
Habitat	  
Fresh	  or	  marine	  water,	  
deep,	  cold	  (best	  up	  to	  
20°C,	  rarely	  found	  
above	  22°C,	  absent	  
from	  hot	  springs	  and	  
hypersaline	  waters)	  
Can	  be	  found	  in	  most	  
habitats	  due	  to	  the	  
large	  variety	  of	  species	  
in	  the	  Heterokonta	  
group	  
Primarily	  marine	  
habitats	  ranging	  from	  
tropics	  to	  polar	  waters	  
Table 1. Brief description of cryptophytes, photosynthetic heterokonts, and 
haptophytes (Bendif et al. 2011, Brown & Sorhannus 2010, Graham et al. 2009). The 
average plastid genome sizes were calculated using data from NCBI’s “Organelle 






Phaeodactylum	  tricornutum	  BLAST	  results	  and	  studentized	  residuals	  	   Size	  of	  group	  (number	  of	  genes)	   Number	  of	  best	  aligned	  genes	  to	  each	  Group	   Studentized	  residuals	  
Amoebozoa	  	  	  	  	  	  	  	  	  	  	   36452	   237	   0.15249	  
Apicomplexa	   48025	   136	   -­‐0.49819	  
Apusozoa	  	  	  	  	  	  	  	  	  	  	  	   10627	   83	   0.0984	  
Ciliata	  	  	  	  	  	  	  	  	  	  	  	  	   88824	   98	   -­‐1.60359	  
Cryptophyta	  	  	  	  	  	  	  	  	   25472	   557	   1.64205	  
Euglenozoa	  	  	  	  	  	  	  	  	  	   19253	   12	   -­‐0.36329	  
Fungi	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   99042	   302	   -­‐1.00268	  
Haptophyta	  	  	  	  	  	  	  	  	  	   39125	   689	   1.88126	  
Heterolobosea	  	  	  	  	  	  	   15753	   60	   -­‐0.10063	  
Metazoa	  	  	  	  	  	  	  	  	  	  	  	  	   140718	   733	   -­‐0.1526	  
Rhizaria	  	  	  	  	  	  	  	  	  	  	  	   21708	   393	   1.07733	  
Rhodophyta	  	  	  	  	  	  	  	  	  	   21770	   307	   0.73897	  
Heterokonta	  	  	  	  	  	  	   86590	   	  	   	  	  
Viridiplantae	  	  	  	  	  	  	   145189	   993	   0.96058	  
Table 2. BLAST results and studentized residuals where Phaeodactylum 











Thalassiosira	  pseudonana	  BLAST	  results	  and	  studentized	  residuals	  	   Size	  of	  group	  (number	  of	  genes)	   Number	  of	  best	  aligned	  genes	  to	  each	  Group	   Studentized	  residuals	  
Amoebozoa	  	  	  	  	  	  	  	  	  	  	   36452	   288	   0.31421	  
Apicomplexa	   48025	   163	   -­‐0.41098	  
Apusozoa	  	  	  	  	  	  	  	  	  	  	  	   10627	   81	   0.07961	  
Ciliata	  	  	  	  	  	  	  	  	  	  	  	  	   88824	   123	   -­‐1.51064	  
Cryptophyta	  	  	  	  	  	  	  	  	   25472	   594	   1.70197	  
Euglenozoa	  	  	  	  	  	  	  	  	  	   19253	   19	   -­‐0.33701	  
Fungi	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   99042	   275	   -­‐1.15141	  
Haptophyta	  	  	  	  	  	  	  	  	  	   39125	   707	   1.85094	  
Heterolobosea	  	  	  	  	  	  	   15753	   64	   -­‐0.09302	  
Metazoa	  	  	  	  	  	  	  	  	  	  	  	  	   140718	   751	   -­‐0.18569	  
Rhizaria	  	  	  	  	  	  	  	  	  	  	  	   21708	   393	   1.0214	  
Rhodophyta	  	  	  	  	  	  	  	  	  	   21770	   324	   0.75981	  
Heterokonta	  	  	  	  	  	  	   86590	   	  	   	  	  
Viridiplantae	  	  	  	  	  	  	   145189	   1028	   0.95874	  
Table 3. BLAST results and studentized residuals where Phaeodactylum 











Ectocarpus	  siliculosis	  BLAST	  results	  and	  studentized	  residuals	  	   Size	  of	  group	  (number	  of	  genes)	   Number	  of	  best	  aligned	  genes	  to	  each	  Group	   Studentized	  residuals	  
Amoebozoa	  	  	  	  	  	  	  	  	  	  	   36452	   529	   0.83119	  
Apicomplexa	   48025	   167	   -­‐0.74524	  
Apusozoa	  	  	  	  	  	  	  	  	  	  	  	   10627	   170	   0.2942	  
Ciliata	  	  	  	  	  	  	  	  	  	  	  	  	   88824	   282	   -­‐1.54111	  
Cryptophyta	  	  	  	  	  	  	  	  	   25472	   721	   1.78781	  
Euglenozoa	  	  	  	  	  	  	  	  	  	   19253	   22	   -­‐0.44881	  
Fungi	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   99042	   379	   -­‐1.50771	  
Haptophyta	  	  	  	  	  	  	  	  	  	   39125	   485	   0.60647	  
Heterolobosea	  	  	  	  	  	  	   15753	   82	   -­‐0.14714	  
Metazoa	  	  	  	  	  	  	  	  	  	  	  	  	   140718	   1121	   0.02337	  
Rhizaria	  	  	  	  	  	  	  	  	  	  	  	   21708	   412	   0.82525	  
Rhodophyta	  	  	  	  	  	  	  	  	  	   21770	   448	   0.94739	  
Heterokonta	  	  	  	  	  	  	   86590	   	  	   	  	  
Viridiplantae	  	  	  	  	  	  	   145189	   1491	   1.41312	  
Table 4. BLAST results and studentized residuals where Ectocarpus siliculosis was 











Aureococcus	  anophagefferens	  BLAST	  results	  and	  studentized	  residuals	  	   Size	  of	  group	  (number	  of	  genes)	   Number	  of	  best	  aligned	  genes	  to	  each	  Group	   Studentized	  residuals	  
Amoebozoa	  	  	  	  	  	  	  	  	  	  	   36452	   270	   0.06085	  
Apicomplexa	   48025	   183	   -­‐0.4437	  
Apusozoa	  	  	  	  	  	  	  	  	  	  	  	   10627	   123	   0.14979	  
Ciliata	  	  	  	  	  	  	  	  	  	  	  	  	   88824	   280	   -­‐1.04496	  
Cryptophyta	  	  	  	  	  	  	  	  	   25472	   507	   0.99659	  
Euglenozoa	  	  	  	  	  	  	  	  	  	   19253	   33	   -­‐0.29598	  
Fungi	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   99042	   327	   -­‐1.13707	  
Haptophyta	  	  	  	  	  	  	  	  	  	   39125	   1142	   2.63755	  
Heterolobosea	  	  	  	  	  	  	   15753	   70	   -­‐0.11344	  
Metazoa	  	  	  	  	  	  	  	  	  	  	  	  	   140718	   970	   0.02012	  
Rhizaria	  	  	  	  	  	  	  	  	  	  	  	   21708	   575	   1.27604	  
Rhodophyta	  	  	  	  	  	  	  	  	  	   21770	   255	   0.31677	  
Heterokonta	  	  	  	  	  	  	   86590	   	  	   	  	  
Viridiplantae	  	  	  	  	  	  	   145189	   1114	   0.4302	  
Table 5. BLAST results and studentized residuals where Aureococcus 











Pythium	  ultimum	  BLAST	  results	  and	  studentized	  residuals	  	   Size	  of	  group	  (number	  of	  genes)	   Number	  of	  best	  aligned	  genes	  to	  each	  Group	   Studentized	  residuals	  
Amoebozoa	  	  	  	  	  	  	  	  	  	  	   36452	   683	   1.82523	  
Apicomplexa	   48025	   177	   -­‐1.14333	  
Apusozoa	  	  	  	  	  	  	  	  	  	  	  	   10627	   192	   0.49266	  
Ciliata	  	  	  	  	  	  	  	  	  	  	  	  	   88824	   335	   -­‐2.17435	  
Cryptophyta	  	  	  	  	  	  	  	  	   25472	   335	   0.57581	  
Euglenozoa	  	  	  	  	  	  	  	  	  	   19253	   19	   -­‐0.7041	  
Fungi	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   99042	   742	   -­‐0.53012	  
Haptophyta	  	  	  	  	  	  	  	  	  	   39125	   198	   -­‐0.66198	  
Heterolobosea	  	  	  	  	  	  	   15753	   144	   0.04822	  
Metazoa	  	  	  	  	  	  	  	  	  	  	  	  	   140718	   1360	   0.94048	  
Rhizaria	  	  	  	  	  	  	  	  	  	  	  	   21708	   310	   0.60925	  
Rhodophyta	  	  	  	  	  	  	  	  	  	   21770	   221	   0.17376	  
Heterokonta	  	  	  	  	  	  	   86590	   	  	   	  	  
Viridiplantae	  	  	  	  	  	  	   145189	   1390	   0.90646	  
Table 6. BLAST results and studentized residuals where Pythium ultimum was 











Phytophthora	  infestans	  BLAST	  results	  and	  studentized	  residuals	  	   Size	  of	  group	  (number	  of	  genes)	   Number	  of	  best	  aligned	  genes	  to	  each	  Group	   Studentized	  residuals	  
Amoebozoa	  	  	  	  	  	  	  	  	  	  	   36452	   681	   1.65637	  
Apicomplexa	   48025	   223	   -­‐1.11338	  
Apusozoa	  	  	  	  	  	  	  	  	  	  	  	   10627	   216	   0.56278	  
Ciliata	  	  	  	  	  	  	  	  	  	  	  	  	   88824	   388	   -­‐2.28152	  
Cryptophyta	  	  	  	  	  	  	  	  	   25472	   377	   0.67187	  
Euglenozoa	  	  	  	  	  	  	  	  	  	   19253	   22	   -­‐0.76594	  
Fungi	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   99042	   897	   -­‐0.15829	  
Haptophyta	  	  	  	  	  	  	  	  	  	   39125	   187	   -­‐0.87557	  
Heterolobosea	  	  	  	  	  	  	   15753	   156	   0.04117	  
Metazoa	  	  	  	  	  	  	  	  	  	  	  	  	   140718	   1502	   1.06437	  
Rhizaria	  	  	  	  	  	  	  	  	  	  	  	   21708	   313	   0.53165	  
Rhodophyta	  	  	  	  	  	  	  	  	  	   21770	   219	   0.07354	  
Heterokonta	  	  	  	  	  	  	   86590	   	  	   	  	  
Viridiplantae	  	  	  	  	  	  	   145189	   1479	   0.70005	  
Table 7. BLAST results and studentized residuals where Phytophthora infestans 











Emiliania	  huxleyi	  BLAST	  results	  and	  studentized	  residuals	  	   Size	  of	  group	  (number	  of	  genes)	   Number	  of	  best	  aligned	  genes	  to	  each	  Group	   Studentized	  residuals	  
Amoebozoa	  	  	  	  	  	  	  	  	  	  	   36452	   583	   0.09241	  
Apicomplexa	   48025	   164	   -­‐0.50482	  
Apusozoa	  	  	  	  	  	  	  	  	  	  	  	   10627	   207	   0.06459	  
Ciliata	  	  	  	  	  	  	  	  	  	  	  	  	   88824	   180	   -­‐1.107	  
Cryptophyta	  	  	  	  	  	  	  	  	   25472	   1011	   0.68386	  
Euglenozoa	  	  	  	  	  	  	  	  	  	   19253	   38	   -­‐0.22805	  
Fungi	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   99042	   451	   -­‐0.97806	  
Haptophyta	  	  	  	  	  	  	  	  	  	   39125	   	  	   	  	  
Heterolobosea	  	  	  	  	  	  	   15753	   93	   -­‐0.12307	  
Metazoa	  	  	  	  	  	  	  	  	  	  	  	  	   140718	   1482	   -­‐0.50725	  
Rhizaria	  	  	  	  	  	  	  	  	  	  	  	   21708	   716	   0.43281	  
Rhodophyta	  	  	  	  	  	  	  	  	  	   21770	   297	   0.00239	  
Heterokonta	  	  	  	  	  	  	   86590	   4093	   3.15338	  
Viridiplantae	  	  	  	  	  	  	   145189	   1861	   -­‐0.12663	  
Table 8. BLAST results and studentized residuals where Emiliania huxleyi was 











Guillardia	  theta	  BLAST	  results	  and	  studentized	  residuals	  	   Size	  of	  group	  (number	  of	  genes)	   Number	  of	  best	  aligned	  genes	  to	  each	  Group	   Studentized	  residuals	  
Amoebozoa	  	  	  	  	  	  	  	  	  	  	   36452	   560	   0.48418	  
Apicomplexa	   48025	   136	   -­‐0.90078	  
Apusozoa	  	  	  	  	  	  	  	  	  	  	  	   10627	   188	   0.20245	  
Ciliata	  	  	  	  	  	  	  	  	  	  	  	  	   88824	   322	   -­‐1.5478	  
Cryptophyta	  	  	  	  	  	  	  	  	   25472	   	  	   	  	  
Euglenozoa	  	  	  	  	  	  	  	  	  	   19253	   22	   -­‐0.43854	  
Fungi	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   99042	   411	   -­‐1.61098	  
Haptophyta	  	  	  	  	  	  	  	  	  	   39125	   468	   0.18108	  
Heterolobosea	  	  	  	  	  	  	   15753	   137	   -­‐0.05774	  
Metazoa	  	  	  	  	  	  	  	  	  	  	  	  	   140718	   1383	   -­‐0.13254	  
Rhizaria	  	  	  	  	  	  	  	  	  	  	  	   21708	   397	   0.4474	  
Rhodophyta	  	  	  	  	  	  	  	  	  	   21770	   735	   1.30147	  
Heterokonta	  	  	  	  	  	  	   86590	   1656	   2.07093	  
Viridiplantae	  	  	  	  	  	  	   145189	   1778	   0.91216	  
Table 9. BLAST results and studentized residuals where Guillardia theta was used 















genes	  that	  do	  




Number	  of	  red	  
algae	  genes	  that	  
do	  have	  the	  best	  




genes	  that	  do	  
not	  have	  the	  
best	  alignment	  
to	  the	  query	  
Number	  of	  
control	  group	  
genes	  that	  do	  
have	  the	  best	  
alignment	  to	  the	  
query	   P-­‐value1	  
Phaeodactylum	  tricornutum	   	  	   	  	   	  	   	  	   	  	  
Heterolobosea	  as	  the	  control	   21615	   155	   15705	   48	   3.2E-08 
Amoebozoa	  as	  the	  control	   21615	   155	   36267	   185	   0.0012	  
Aureococcus	  anophagefferens	   	  	   	   	   	   	  	  
Heterolobosea	  as	  the	  control	   21636	   134	   15694	   59	   0.0007	  
Amoebozoa	  as	  the	  control	   21636	   134	   36227	   225	   0.53	  
Phytophthora	  infestans	   	  	   	   	   	   	  	  
Heterolobosea	  as	  the	  control	   21604	   166	   15650	   103	   0.12	  
Amoebozoa	  as	  the	  control	   21604	   166	   35898	   554	   0.999	  
Blastocystis	  hominis	   	  	   	   	   	   	  	  
Heterolobosea	  as	  the	  control	   21670	   100	   15703	   50	   0.018	  
Amoebozoa	  as	  the	  control	   21670	   100	   36197	   255	   0.999	  
1P-values shown in bold are significant at a value of 0.01, adjusted to reflect multiple tests. 




















genes	  that	  do	  






genes	  that	  do	  
have	  the	  best	  




genes	  that	  do	  
not	  have	  the	  
best	  alignment	  
to	  the	  query	  
Number	  of	  
control	  group	  
genes	  that	  do	  
have	  the	  best	  
alignment	  to	  the	  
query	   P-­‐value1	  
Phaeodactylum	  tricornutum	   	  	   	  	   	  	   	  	   	  	  
Heterolobosea	  as	  the	  control	   25196	   276	   15705	   48	   1.2E-20 
Amoebozoa	  as	  the	  control	   25196	   276	   36267	   185	   3.4E-­‐16	  
Aureococcus	  anophagefferens	   	  	   	   	   	   	  	  
Heterolobosea	  as	  the	  control	   25174	   298	   15694	   59	   2.1E-­‐19	  
Amoebozoa	  as	  the	  control	   25174	   298	   36227	   225	   1.7E-­‐13	  
Phytophthora	  infestans	   	  	   	   	   	   	  	  
Heterolobosea	  as	  the	  control	   25224	   248	   15650	   103	   0.0003	  
Amoebozoa	  as	  the	  control	   25224	   248	   35898	   554	   0.999	  
Blastocystis	  hominis	   	  	   	   	   	   	  	  
Heterolobosea	  as	  the	  control	   25397	   75	   15703	   50	   0.695	  
Amoebozoa	  as	  the	  control	   25397	   75	   36197	   255	   0.999	  
1P-values shown in bold are significant at a value of 0.01, adjusted to reflect multiple tests. 
















Testing	  for	  various	  signals	  in	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that	  do	  not	  have	  
the	  best	  alignment	  
to	  Emiliania	  




that	  do	  have	  the	  




genes	  that	  do	  





genes	  that	  do	  
have	  the	  best	  
alignment	  to	  
Emiliania	   P-­‐value1	  
Emiliania	  huxleyi	   	  	   	  	   	  	   	  	   	  	  
Red	  algae	  vs.	  Heterolobosea	   21612	   158	   15690	   63	   2.2E-­‐05	  
Red	  algae	  vs.	  Amoebozoa	   21612	   158	   36089	   363	   0.999	  
	  	   	  	   	   	   	   	  	  
Cryptophyta	  vs.	  Heterolobosea	   25030	   442	   15690	   63	   1.8E-­‐38	  
Cryptophyta	  vs.	  Amoebozoa	   25030	   442	   36089	   363	   1.6E-­‐15	  
	  	   	  	   	   	   	   	  	  
Heterokonta	  vs.	  Heterolobosea	   85099	   1491	   15690	   63	   2.4E-­‐47	  
Heterokonta	  vs.	  Amoebozoa	   85099	   1491	   36089	   363	   2.1E-­‐23	  
1P-values shown in bold are significant at a value of 0.01, adjusted to reflect multiple tests. 





















genes	  that	  do	  





genes	  that	  do	  





genes	  that	  do	  





genes	  that	  do	  
have	  the	  best	  
alignment	  to	  
Emiliania	   P-­‐value1	  
Photosynthetic	  heterokonts	   	  	   	  	   	  	   	  	   	  	  
Heterolobosea	  as	  the	  control	   48417	   1088	   15680	   73	   6.1E-­‐60	  
Amoebozoa	  as	  the	  control	   48417	   1088	   36060	   402	   8.30E-­‐36	  
Non-­‐photosynthetic	  heterokonts	   	  	   	   	   	   	  	  
Heterolobosea	  as	  the	  control	   36427	   658	   15682	   71	   1.0E-­‐39	  
Amoebozoa	  as	  the	  control	   36427	   658	   36056	   396	   1.9E-­‐15	  
1P-values shown in bold are significant at a value of 0.01, adjusted to reflect multiple tests. 
Table 13. Fisher’s exact tests for photosynthetic or non-photosynthetic heterokonts 
in Emiliania huxleyi. 
  
FIGURES 
Figure 1.  This image (Lane & Archibald 2008) illustrates that there is a great deal of 






Figure 2. Panel (a) depicts the proposed endosymbiosis of a red alga by the common 
ancestor of all chromalveolates. In panel (b) more recent phylogenetic analyses imply 
that a single secondary origin of all chromist plastids would have been present in the 






Figure 3. The above tree is a broad phylogeny, showing no support for a 





Figure 4. The phylogenetic tree depicts how one ancient endosymbiosis event is not 
possible because it requires a red alga to be engulfed by the common ancestor of red 





Figure 5. Linear regression where Phaeodactylum tricornutum is the query of the 
BLAST search. The Cryptophyta and Haptophyta groups are highlighted because they are 
























Size	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  group	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Figure 6. Linear regression where Thalassiosira pseudonana is the query of the 
BLAST search. The Cryptophyta and Haptophyta groups are highlighted because they are 
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Figure 7. Linear regression where Ectocarpus siliculosus is the query of the BLAST 
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Figure 8. Linear regression where Aureococcus anophagefferens is the query of the 
BLAST search. The Cryptophyta and Haptophyta groups are highlighted because they are 
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Figure 9. Linear regression where Pythium ultimum is the query of the BLAST 
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Figure 10. Linear regression where Phytophthora infestans is the query of the 
BLAST search. The Cryptophyta and Haptophyta groups are highlighted because they are 
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Figure 11. Linear regression where Emiliania huxleyi is the query of the BLAST 
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56	  
 Figure 12. Linear regression where Guillardia theta is the query of the BLAST 
search. The Rhodophyta, Heterokonta, and Haptophyta groups are highlighted because 
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Red	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Photosynthetic	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   Common	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 Figure 15. Proposed quaternary endosymbiotic adoption of a photosynthetic 


















Figure 16. Concatenation of the three endosymbiotic events proposed in Figures 13 
through 15, in addition to the endosymbiotic adoption of a cyanobacteria by the common 







Common	  ancestor	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   Red	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Common	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Quaternary	  endosymbiosis	  




Figure 17. Phylogeny constructed using 11 plastid genes, which are listed in 
appendix 2. Each node contains two or three values. The first values represent the 
probability scores from the MrBayes analysis. The second number at each node is the 
bootstrap value from the PHYML analysis of all 16 species. If present, the third number 
represents the bootstrap value from the PHYML analysis of only the species with a 
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APPENDIX 1: List of species whose genomes will be collected and tested. 
1 Indicates that the species’ genome will be used as the query of a BLAST search during 
regression analyses 
2 The Guillardia theta genome and nucleomorph will be added together and used as a 
query for a BLAST search during both the regression analyses and Fisher’s exact testing 
Phylum or 
Kingdom Species Name 
Phylum or 





Chondrus crispus Dictyostelium discoideum 
Galdieria sulphuraria Acanthamoeba castellanii 
Viridiplantae 
Arabidopsis thaliana Rhizaria Bigelowiella natans 
Sorghum bicolor Apusozoa3 Thecamonas trahens 
Physcomitrella patens Euglenozoa Leishmania major 




Ostreococcus tauri Tetrahymena thermophila 
Heterokonta 





Ectocarpus siliculosus1 Plasmodium falciparum 
Aureococcus 
anophagefferens1 Neospora caninum 
Blastocystis hominis4 Cryptosporidium parvum 
Phytophthora infestans1 Perkinsus marinus5 
Pythium ultimum1 Haptophyta Emiliania huxleyi1 
Metazoa plus 
protist relatives 
Homo sapiens Heterolobosea3 Naegleria gruberi 
Drosophila melanogaster 
Cryptophyta 




Nematostella vetensis   
Monosiga brevicollis   
Capsaspora owczarzaki   
Sphaeroforma arctica   
Fungi 
Magnaporthe grisea   
Neurospora crassa   
Aspergillus fumigatus   
Ustilago maydis   
Coprinopsis cinerea   
Rhizopus oryzae   
Antonospora locustae   
Allomyces macrogynus   
Batrachochytrium 
dendrobatidis   
	  	  
67	  
3 Indicates taxa that will be used as controls during Fisher’s exact tests 
4 Blastocystis hominis was used as the query of a BLAST search during Fisher’s exact 
testing but not regression analyses; while Thalassiosira pseudonana, Ectocarpus 
siliculosis, and Pythium ultimum were not used for Fisher’s exact testing 
5 The Perkinsus marinus taxon is included in the closely related Apicomplexa group 





APPENDIX 2: List of plastid genes used to create a phylogeny. 
Gene	  Name	  
rpoB-­‐	  RNA	  Polymerase	  beta	  subunit	  
rpoC1-­‐	  RNA	  Polymerase	  beta’	  subunit	  
rpoC2-­‐	  RNA	  Polymerase	  beta’’	  subunit	  
atpA-­‐	  ATP	  synthase	  CF1	  alpha	  subunit	  
atpB-­‐	  ATP	  synthase	  CF1	  beta	  subunit	  
psaA-­‐	  Photosystem	  1	  P700	  chlorophyll	  A	  apoprotein	  A1	  
psaB-­‐	  Photosystem	  1	  P700	  chlorophyll	  A	  apoprotein	  A2	  
psbA-­‐	  Photosystem	  2	  reaction	  center	  protein	  D1	  
psbB-­‐	  Photosystem	  2	  Chlorophyll	  A	  core	  antenna	  apoprotein	  CP-­‐47	  
psbC-­‐	  Photosystem	  2	  Chlorophyll	  A	  core	  antenna	  apoprotein	  CP-­‐43	  





APPENDIX 3: List of species used to create the plastid gene phylogeny. 
Phylum	  or	  


















Rhizaria	   Bigelowiella	  natans	  
Haptophyta1	   Emiliania	  huxleyi	  
Cryptophyta1	   Guillardia	  theta	  






APPENDIX 4: Aligned protein sequences from the plastid genomes of the species listed 
in appendix 3. The sequences below are a combination of all of the sequences listed in 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX 5: BLAST results where photosynthetic genes were sorted out. 










is	   Emiliania	  
Heterokonta	  	  	  	  	  	  	  
86590,	  370851,	  
495052	   866	   	  	   	  	   	  	   	  	  
1491,	  6581,	  
10882	  
Cryptophyta	  	  	  	  	  	  	  	  	   25472	   	  	   276	   298	   248	   75	   442	  
Haptophyta	  	  	  	  	  	  	  	  	  	   39125	   222	   224	   447	   113	   39	   	  	  
Rhodophyta	  	  	  	  	  	  	  	  	  	   21770	   335	   155	   134	   166	   100	   158	  
Metazoa	  	  	  	  	  	  	  	  	  	  	  	  	   140718	   1164	   613	   807	   1315	   614	   1190	  
Viridiplantae	  	  	  	  	  	  	   145189	   1216	   664	   810	   1170	   521	   1125	  
Fungi	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   99042	   326	   280	   308	   730	   270	   394	  
Amoebozoa	  	  	  	  	  	  	  	  	  	  	   36452	   412	   185	   225	   554	   255	   363	  
Ciliata	  	  	  	  	  	  	  	  	  	  	  	  	   88824	   213	   73	   205	   284	   137	   118	  
Rhizaria	  	  	  	  	  	  	  	  	  	  	  	   21708	   166	   188	   331	   212	   89	   242	  
Apicomplexa	   48025	   83	   99	   141	   166	   129	   75	  
Apusozoa	  	  	  	  	  	  	  	  	   10627	   129	   61	   87	   154	   54	   124	  
Heterolobos
ea	   15753	   74	   48	   59	   103	   50	   63	  
Euglenozoa	  	  	  	  	  	  	  	  	  	   19253	   13	   9	   18	   15	   8	   16	  
1 Data pertaining to when photosynthetic heterokonts are removed from the analysis 
2 Data pertaining to when non-photosynthetic heterokonts are removed from the analysis 
 
